Abstract-We have been developing an active magnetic levitation system, which is composed of a field-cooled disk-shaped or sphereshaped high-temperature superconducting bulks (HTS bulks) and vertically piled ring-shaped electromagnets without an iron core. We suppose that this active magnetic levitation system can be applied to inertial nuclear fusion. In inertial nuclear fusion, one of the most important issues is to achieve high-accuracy position control of the fusion fuel, which consists of deuterium and tritium in order to evenly illuminate the entire surface of the target. Therefore, active magnetic levitation is applied to the levitation and position control of a sphere-shaped superconducting capsule containing nuclear fusion fuel. In this study, we designed and constructed a threecoil position control system in order to achieve the stable levitation of the sphere-shaped HTS bulk with a diameter of 5 mm by using the numerical simulation based on the hybrid finite element and boundary element analysis. Then, we carried out the experiments on the position control and restoring force characteristics of the sphere-shaped HTS bulk in the constructed levitation system. Index Terms-Accurate position control, active magnetic levitation, HTS bulk, hybrid finite element and boundary element method, inertial fusion.
I. INTRODUCTION
H IGH-TEMPERATURE superconducting bulk (HTS bulk) materials are expected to be used for superconducting flywheels, magnetic levitation systems, superconducting permanent magnets, motors, and so on [1] - [3] . In particular, active magnetic levitation systems are expected to be used for magnetic levitation vehicles not only because levitation height and levitation force can be controlled by adjusting the operating current of coils, but also high position control can be achieved. With this background, we have been researching and developing HTS for electromagnetic applications [4] .
In this study, we assume that an active levitation system is applied to inertial nuclear fusion. The principle of inertial nuclear fusion is as follows: the surface of a pellet of nuclear fusion fuel is irradiated with the extremely high energy laser beams, causing implosion and nuclear fusion reaction. However, one of the important issues is to achieve high-accuracy position control of the fusion fuel, which consists of deuterium and tritium, in order to illuminate the target evenly over the entire surface. Therefore, active magnetic levitation is applied to the levitation and position control of a sphere-shaped superconducting capsule containing nuclear fusion fuel. So far, we have designed and constructed a position control system for sphere-shaped HTS bulk with a diameter of 5 mm by using numerical simulation based on the hybrid finite element and boundary element analysis [5] . Subsequently, we have carried out experiments to estimate the levitation height and position control characteristics of the sphere-shaped HTS bulk in the constructed levitation system. Further, we have experimentally and numerically investigated the levitation stability of HTS bulk in the horizontal direction.
In this paper, we report the experimental results on newly designed and constructed position control system for the sphereshaped HTS bulk with a diameter of 5 mm.
II. NUMERICAL SIMULATION
Horizontal Lorentz force is produced on HTS bulk by the external magnetic field applied in the vertical direction and the shield current. In ideal magnetic fields produced by coils, the HTS bulk can remain on the center axis (z-axis) of the coils. However, with a two-coil system shown in Fig. 2(a) , if the HTS bulk moves away from the center, it is ejected from the center ( Fig. 1(a) ). Therefore, in order to provide stability of the HTS bulk, we energize coil 3 with a current that is opposite in direction to that of coils 1 and coil 2 so as to produce the magnetic field distribution shown in Fig. 1(b) . This magnetic field distribution causes the HTS bulk to automatically return to the center axis of the coils even if it moves away from the center.
With this background, we designed and constructed the position control system, as shown in Fig. 2(b) , by using the numerical simulation based the on hybrid finite element and boundary element analysis. The specifications of the HTS bulk and the coils are shown in Table I .
We carried out the numerical simulation in order to achieve the ideal magnetic field shown in Fig. 1(a) . From the simulation results, we determined the specifications of the three-coil system shown in Fig. 2(b) .
Figs. 3 and 4 show the simulation results of the magnetic field distributions in the vertical direction, , when the HTS bulk is at the target height. Fig. 3 shows the contour map of magnetic field around the HTS bulk without coil 3; Fig. 4 , with coil 3. It is obvious that with coil 3 (Fig. 4) , the magnetic field around the HTS bulk is ideal, while it is not ideal without coil 3 (Fig. 3) . Thus, the effectiveness of coil 3 is clearly demonstrated. 
III. EXPERIMENT

A. Experimental Setup
We carried out several experiments on the three-coil system and investigated the levitation stability of HTS bulk in the horizontal direction. The experimental setup was based on the following four conditions. a) Critical current density of the HTS bulk is . b) The upper limit of each coil was 15 A. c) The initial position of the HTS bulk is such that its bottom is 2 mm above coil 1. d) The target levitation height is set to 18 mm. A programmable logic controller (PLC) containing a CPU and a memory IC receives the input signal from the laser displacement meter, and sends out the output signal to the amplifier according to the previously programmed conditions. In addition, the resolution of the load cell is 0.02 N.
B. Experiments on Position Control 1) Experimental Procedure:
The experimental procedure is as follows.
a) The HTS (DyBCO) bulk is placed in the initial position, that is, its the bottom is positioned 2 mm above coil 1. After coil 1 is energized up to 5 A, the bulk becomes superconducting on filling the container with liquid nitrogen. b) The coil current is gradually reduced to zero. Some magnetic field, called "trapped field", remains inside the bulk. The trapped magnetic field is directed upward. c) The top coil, coil 3, is energized up to 15 A with the current flow directed opposite to that of coil 1 and coil 2. d) Coil 1 is energized again, up to 15 A this time. e) After the vicinity of the target levitation height is set, the PLC is operated according to the feedback control. f) The laser displacement meter measures the levitation height (scan time: 200 ms). 2) Results: Fig. 5 shows the results of position control, and Fig. 6 shows the error of position control between the target levitation height and the observed height. The standard deviation of the observed height from when the HTS bulk begins to be controlled is assumed to be 20. 84 or less. In order to apply this system to inertial nuclear fusion, the standard deviation must be 10 or less. This accuracy is probably achieved by increased levitation stability of HTS bulk in the horizontal direction by using coil 3. From the above results, we can conclude that a position control system with very high accuracy has been developed.
C. Experiments on Restoring Force
1) Experimental Procedure:
a) The DyBCO bulk is placed in the same initial position as that in the previous experiment. After coil 1 is energized up to 5 A, the bulk becomes superconducting on filling the container with liquid nitrogen. b) The coil current is gradually reduced to zero. c) Coil 3 is energized up to 15 A with the current flow directed opposite to that of coil 1 and coil 2. d) Coil 1 is energized again, up to 15 A this time. e) Coil 2 is energized in order to bring the HTS bulk to the target levitation height. f) The experimental system is moved by an X-Y-Z stage, and the restoring force is measured by the load cell 2) Results and Discussion: The experimental results of restoring force are shown in Fig. 8 . The experiments were performed four times. It can be seen in Fig. 8 that the more the HTS bulk moves away from the center of the coils, the stronger the restoring force becomes. In other words, the three-coil system has the levitation stability of the HTS bulk in the horizontal direction.
With the HTS bulk positioned at the target point, we measured the magnetic fields in the vertical direction around the HTS bulk with and without coil 3, and compared the measured magnetic field. Fig. 9 shows the magnetic field in the vertical direction, , without coil 3; Fig. 10 , with coil 3. We can say that with and without coil 3, the magnetic field is weakest and strongest along the center axis of the coils (0.0 mm of x-axis in Figs. 9 and 10) , respectively. In other words, we verified that coil 3 produced the ideal magnetic field distribution shown in Fig. 1(b) to realize the levitation stability of HTS bulk in the horizontal direction.
IV. CONCLUSION
We designed and constructed a three-coil magnetic levitation control system for sphere-shaped HTS bulk with a diameter of 5 mm by using numerical simulation based on the hybrid finite element and boundary element analysis in order to achieve levitation stability of HTS bulk in the horizontal direction.
Subsequently, we carried out experiments on position control and achieved a very high accuracy of position control of 20.84 m. We also carried out experiments on restoring force in order to verify that we can obtain restoring force that causes the HTS bulk to automatically return to the center axis of the coils if it moves away from the center.
As a future study, we must determine the size and position of coil 3, in order to optimize the restoring force.
